(Ba,Ti)-precursor complexes, important for the production of advanced BaTiO 3 perovskite-type materials, undergo structural transformations and complex reactions during their thermal decomposition. Based on XRD phase analysis, combined with Rietveld refinement of crystal structure data, and on IR analysis, the intermediate formation of calcite-type BaCO 3 is evidenced, which can be explained by the stabilization of this metastable modification in the form of an oxycarbonate phase down to room temperature. Two possible processes, leading to such an oxycarbonate, are discussed: (i) partial substitution of CO 3 2À by O 2À in the anionic sublattice, and (ii) topotaxial formation of calcite-type structural domains of BaCO 3 by templating with oxygen-deficient titanates, resulting in the oxideecarbonate intergrowth structures.
Introduction
Recently, the small class of oxycarbonates gained growing attention. The introduction of carbonate anions into the crystal structure of oxides turned out to be very advantageous for the tuning of the properties of different advanced materials, such as high-temperature superconductors [1e6], red-and greenemitting phosphors [7e12] , and carbon dioxide sensors [13, 14] .
Moreover, the possible formation of metastable oxycarbonates in the intermediate stages may be expected to play an important role during preparation of oxide ceramics by thermal decomposition, governing the reaction mechanism and kinetics. This is of special interest in case of processing routes with complex precursors having organic ligands, and which undergo thermal decompositions to form ceramic powders. Particularly for alkaline earth titanates and zirconates, commonly used as refractory materials, supporting layers or piezoelectric materials, the formation of oxycarbonate phases during the thermal decomposition of mixed precursor complexes might be expected.
Following our previous investigations on the different stages of thermal decomposition processes [15] , in this contribution we concentrate on the BaeTieCeOe(H) chemical system and discuss the intermediate phases, which can be experimentally observed during synthesis of perovskite-type barium titanate BaTiO 3 .
The existence of barium oxycarbonate as the structurally simplest oxycarbonate in this system has not been confirmed in the literature until now. More interesting is, however, the possibility to form mixed alkaline earth/transition metal oxycarbonates based on the perovskite-type crystal structure. There are few examples in the literature [16e21] , showing that some BO 6 -octahedra in ABO 3 perovskites may be replaced by CO 3 2À anions. This occurs, however, at the expense of the formation of oxygen vacancies and via reduction of the oxidation degree from B 4þ [22, 23] , which are composed of a sequence of n perovskitic layers separated by a non-perovskitic interlayer (accordingly n ¼ N corresponds to a pure perovskite), and which can produce solid solutions with the related A In the last decade some indications of a crystalline intermediate phase observed by XRD during thermal decomposition of precursor complexes were reported [24e28], and the formation of (Ba,Ti)-mixed oxycarbonate with the tentative formula ''Ba 2 Ti 2 O 5 CO 3 '' has been proposed, based on the bulk chemical analysis data.
In our previous contribution [15] , we have reported, however, on a definite component segregation, which was observed on the nanometer scale, during the thermal decomposition of precursor complexes and resulted in the formation of Ba-rich and Ti-rich phases. Only the Ba-rich phase has been found to be predominantly crystalline in the intermediate products of the thermal decomposition. These observations do not support the suggested tentative formula ''Ba 2 Ti 2 O 5 CO 3 '', which supposes no cation segregation (Ba:Ti ¼ 1:1) in the crystalline regions. Based on high resolution and analytical electron microscopy and powder XRD phase analysis, we suggested in Ref. [15] the BaO-stabilized formation of barium carbonate, which alternatively can be referred to as barium oxycarbonate, with the crystal structure isotypical to the high-temperature calcite modification of BaCO 3 .
In this paper, we report further details on the crystal structure and some microstructural parameters of the possible barium oxycarbonate phase. An alternative mechanism of the stabilization of the high-temperature modification of BaCO 3 is discussed as well, concerning the topotaxial formation of calcite-type structural domains by templating with oxygen-deficient titanates, resulting in the oxideecarbonate intergrowth structures.
Experimental
Two complex precursors were used:
The preparation procedure of the precursors and their thermal decomposition to form intermediate products are described elsewhere [15, 28, 29] . These precursors were decomposed with a heating rate of 10 K min À1 up to 600 C. Powder X-ray diffraction (XRD) patterns were recorded at 25 C and performed by a STADI MP diffractometer from STOE with a curved crystal germanium monochromator using Co Ka1 radiation (1.78896 Å ) and a degree step of 0.03 for 2Q. The Fourier transformed infrared (FT-IR) spectra were recorded at 25 C using a Mattson 5000 spectrometer (Mattson Instruments Inc., USA) in the range of 350e4000 cm À1 with a resolution of 2 cm À1 using KBr pellets. C) [15] . As already mentioned above, the frequently observed specific XRD pattern (Fig. 1 , top and middle) was previously attributed to some unknown barium titanium oxycarbonate with a tentative formula Ba 2 Ti 2 O 5 (CO 3 ) [24e28]. However, our latest results of the nanometer-resolved EFTEM and EELS analysis showed that the corresponding crystalline phase is Ba-rich and contains little or no titanium [15] .
Results and discussion
As demonstrated in Fig. 1 , the positions and intensities of the observed diffraction maxima in powder XRD patterns of the intermediates (top curve BTE-derived, middle curve BTOderived) reveal a close correspondence to the calculated XRD pattern of the high-temperature modification of BaCO 3 with calcite-type crystal structure (bars at the abscissa). The hkldependent observed shift of the diffraction maxima toward higher 2Q values implies, however, that some foreign atoms or atom groups are present in the crystal structure of calcitetype BaCO 3 modifying the lattice parameters. To investigate more precisely the structural differences of the observed Ba-rich phase from the calcite-type modification of pure BaCO 3 , the full profile analysis of the observed powder XRD pattern, based on the Rietveld method [30e33] using the program FullProf [34] , has been performed. The Rietveld method uses a least squares approach to refine a theoretical line of the XRD profile until it matches the measured profile whereas the peak positions are determined according to Bragg's law. The structure factor, the Lorentz factor, and the multiplicity of the reflections are taken into account for the estimation of the peak intensities, and the calculated reflections are convoluted with a function describing the peak shape to account for the characteristics of the beam, the experimental arrangement, and the sample size and shape.
The crystal structure of the calcite-type modification of BaCO 3 was used as a starting model. Due to the low crystallinity of the sample, the diffraction peaks are broadened and poorly resolved. A low ratio of diffraction peak intensity to noise sets additional limitations on the precision of the refinement, predetermining rather high values of the agreement factors R p (for the profile) and R wp (for the weighted profile), which are influenced by the background. Nevertheless, some important information about the lattice symmetry, the unit cell, the atom position, and the microstructural parameters may be obtained in acceptable quality. Fig. 2 presents the resulting calculated profile (continuous black line) in comparison with the measured X-ray data (red dots) with the difference shown below (blue), in case of BTOderived samples. It indicates that the diffraction pattern is well described within the same space symmetry group (R-3m) as the calcite-type BaCO 3 . Table 1 summarises the calculated crystal structure and microstructural parameters. The agreement factors R B (for the Bragg reflections) and R f (for the crystallographic data) have been found to be quite reasonable (12.2% and 7.2%, respectively), indicating a fairly good correspondence of the refined model with the observed powder XRD pattern. The relatively high R p and R wp values (22.1% and 34.7%, respectively) are caused by the above mentioned specific quality of the measured data, taking into account that the weighted profile agreement factor R wp is much higher as its calculated possible optimum value R exp (2.1%).
The calculated crystal structure parameters of the Ba-rich phase, also shown in Table 1 , reveal a slight deviation of the unit cell dimensions, compared to those of the pure calcitetype BaCO 3 : a ¼ 5.235(4) Å (þ0.6%) and c ¼ 10.114(9) Å (À4.3%).
Furthermore, information about the real structure of the crystalline phase in terms of crystallite size and crystal lattice strains can be provided, taking into account the instrumental resolution function of the diffractometer.
The anisotropic size of the crystallites (as coherently scattering domains) has been determined from the width of the Lorentzian component of the total pseudo-Voigt profile function, describing diffraction peaks. A general phenomenological model [35] , using Scherrer's formula, was applied in this case, describing the size broadening as a linear combination of spherical harmonics. As shown in Table 1 , the average size of the coherently scattering domains amounts to 3.7 nm, with AE1.0 nm anisotropy deviations. The maximum strain has been determined from the width of the Gaussian component of the total pseudo-Voigt profile function, using a general model of the anisotropic strain of hexagonal symmetry [34] . In this way, we found the crystal structure of the Ba-rich phase to be strained along the [001] direction at most (0.87%) and along the [110] direction at least (0.12%); the average value of the maximum strain in the crystal structure being 0.57% (Table 1) .
These results indicate (i) that the crystal structure of the Barich phase is very close to that of calcite-type BaCO 3 , and (ii) that the detected minor deviations occur predominantly along the [001] direction, revealing a lower lattice parameter and a higher strain. In the crystal structure of the calcite-type BaCO 3 the atoms of different types are well separated in anionic and cationic layers, packed along [001], so that the deviations of the crystal structure parameters from that of pure BaCO 3 can be explained by partial substitutions within these layers. Not only the described deviations of the lattice parameters and the occurrence of microstrains point to any substitutions in the crystal structure of the calcite-type BaCO 3 ; moreover, Table 2 presents the calculated relative peak intensities for the BTO-derived calcite-type BaCO 3 , together with the observed relative intensities, for comparison. The observed slight deviations of the calculated intensities from the observed values for some diffraction peaks (cf. Fig. 2 and Table 2 ) provide an additional evidence of slightly changed crystallographic structure factors, due to possible substitution effects in the ideal structure of the calcite-type BaCO 3 , the details of which are discussed in Sections 3.2 and 3.3.
IR spectroscopy
The results of our IR investigations provide further evidence of the formation of the calcite-type barium carbonate in the intermediate products of the thermal decomposition of the precursor complexes. Fig. 3 [26e28,37]. In general, the shift in the position of this mode may be used for carbonates as indicator for changing the crystallographic environment (site symmetry) of the CO 3 2À anion [38] . This effect can be clearly observed, e.g., in the spectra of calcite and aragonite modifications of CaCO 3 (Table 3 In addition, we observed for the calcite-type Ba-rich intermediate phase an IR activity of the symmetric stretching mode n 1 at 1064 cm À1 , which is not observed in the calcite modification of CaCO 3 [39] . This fact may be explained by the known disordering of CO 3 2À anions in the calcite-type BaCO 3 , which reduces the symmetry of the anionic site from D 3 to C 3v , enabling thus the IR activity of the n 1 normal mode (see Table 3 ).
Structural relations of BaCO 3 and a possible barium oxycarbonate BaO x (CO 3 ) 1Àx
Three modifications of barium carbonate are presently known from the literature [43] :
The aragonite-type modification, based on the hexagonal packing of Ba layers, is the only one stable under normal conditions. Two other modifications of BaCO 3 , calcite-type and NaCl-type, are reversibly formed above 800 and 970 C, respectively [43] . These are based on the cubic packing of the barium layers as schematically shown in Fig. 4 . There is no possibility to obtain high-temperature modifications of pure BaCO 3 in the metastable state at room temperature. The phase transition temperature shows a slight hysteresis loop, and at least at 750 C a room-temperature aragonite-type modification of BaCO 3 is formed [43] . However, there are some indications in the literature [43, 44] that different intentional or unintentional impurities in BaCO 3 can stabilize the hightemperature modification of barium carbonate down to significantly lower temperatures, in some cases also down to room temperature. For instance, due to the doping of barium carbonate with BaSO 4 (up to 10 mol%), barium carbonate can be obtained in its metastable state at room temperature [44] . Accordingly, in Ref. [43] it is reported, that the heating of a mixture of BaCO 3 , SrCO 3 and CaCO 3 above 750 C resulted in a mixed carbonate phase of the calcite-type structure, which remained unchanged at room temperature.
It is worthwhile to discuss, why the high-temperature calcitetype modification of BaCO 3 forms at the intermediate stages of the thermal decomposition of the precursor complexes at a relatively low temperature (600 C, compared to 803 C for pure BaCO 3 ) and remains stable at room temperature for a long time. On the one hand, the aragonite-type modification of pure BaCO 3 is thermodynamically more stable, having a higher density of atomic packing. The columnar arrangement of the CO 3 2À anions, appearing in this case, is, however, not favoured, due to the mutual electrostatic repulsion between neighbouring anions. This repulsion can be partially relieved by a skew-orientation of neighbouring CO 3 2À anions to each other, as observed in the fully ordered room-temperature modification of BaCO 3 , demonstrated in Fig. 5A . At higher temperatures (smearing of atomic positions due to thermally initiated rotation of anions) or due to substitutions in the anionic sublattice (introduction of anions with different geometry), the repulsion between neighbouring anions in the aragonite-type structure becomes higher, so that less dense crystal structure types, but without columnar arrangement of anions (cf. Fig. 5B ), become thermodynamically more favourable. Thus, a substitution of CO 3 2À in the anionic sublattice by O 2À between 400 and 600 C (the temperatures of the intermediate stage of the thermal decomposition of the precursor complexes) can be assumed, implying a stabilization of the calcite-type BaCO 3 modification.
Related Rietveld calculations concerning the degree of the supposed substitution of CO 3 2À by O 2À anions via the oxygen positions in the crystal lattice or the occupation factors of the carbon and oxygen atomic sites, would be clearly of limited value, due to the low crystallinity of the Ba-rich phase. Instead, we have estimated the possible degree of CO 3 2À substitution by O 2À anions from the varying lattice parameters using Vegard's law, as illustrated in Fig. 6 . The reduced unit cell volumes (as unit cell volume V divided by the number of formula units Z ) of pure calcite-type BaCO 3 (ICSD-27447), BaO (ICSD-58663) and the calculated reduced unit cell volume of about 80 Å 3 for the calcite-type phase, determined by the Rietveld method (see Table 1 ), were used. The estimated chemical composition of the Ba-rich phase corresponds to a composition of BaO 0.06 (CO 3 ) 0.94 , implying that ca. 6% of the anions are substituted in the crystal structure of calcitetype BaCO 3 , representing thus a barium oxycarbonate phase.
The degree of the anionic substitution in the calcite-type BaCO 3 is evidently not always the same over the bulk of the sample, which is evidenced by the detected high rate of microstrains in the crystal structure and by the slightly varying lattice parameters in different samples, prepared by thermal decomposition of the precursor complexes and containing amounts of the crystalline Ba-rich phase. In some samples the degree of the anionic substitution reached 15%, as determined from the corresponding lattice parameter variations according to Vegard's law.
Templating of calcite-type BaCO 3 with oxygen-deficient titanate interfaces
By series of preparation batches with different titanium contents we have observed that the formation of the calcite-type 2À are additionally shown in the scheme to illustrate the ''smearing'' of the CO 3 2À anion over symmetry-equivalent positions due to its thermally activated rotation. BaCO 3 occurs preferably in the presence of titanium in the chemical system. This suggests a further possible alternative mechanism which can contribute to the stabilization of the calcite-type modification of BaCO 3 : the topotaxial formation of calcite-type structural domains of BaCO 3 by templating with oxygen-deficient titanates, resulting in the oxycarbonate intergrowth structures. In the following, the details of this mechanism will be discussed. The preferred ccp ordering of Ba atoms compared to the hcp ordering can be supported, e.g., at the interfaces with cubicBaTiO 3 . However, for this purpose, oxygen vacancies have to be present in the interfacial titanate layers, to provide the necessary tetragonal-pyramidal coordination of the titanium atoms and herewith the free docking places for the CO 3 2À anions. The presence of the oxygen vacancies implies a lower oxidation state of þ3 for the interfacial titanium atoms. Fig. 7 Fig. 7 ). The shortest BaeTi interatomic distances are significantly longer, compared to BaeO (ca. a factor of 1.22), so that no bonding between Ba and Ti is possible. We do not provide any absolute values for the interatomic distances at this point, as the suggested model structure serves rather to illustrate the proposed atomic packing by the intergrowth with titanates. The simplest intergrowth structure with a smallest lamella of BaCO 3 and titanate is shown in Fig. 8 , demonstrating that all titanium atoms in this structure are in the oxidation state þ3, and that the titanate blocks are monoclinically distorted, regarding the observed rhombohedral distortion of the calcite-type BaCO 3 blocks. The additional Ti 4þ -containing perovskite blocks or the BaO blocks can be introduced in these titanate layers. The described mechanism leads thus to the formation of an oxycarbonate, resulting from the intergrowth of carbonate and oxide (i.e. titanate) building units.
Our observation that the formation of the crystalline intermediate is directly related to the presence of Ti 3þ as well as the suggested topotaxial templating mechanism is also in accordance with Cho [45] , who reports on XPS analyses performed at (Ba,Ti)-oxalates decomposed at 500 C. Up to 40% of the titanium atoms may be reduced to the oxidation state þ3, and at higher decomposition temperatures (over 600 C) practically no Ti 3þ was detected in the intermediate samples.
Conclusion
The formation processes of the crystalline intermediate phase, observed during thermal decomposition of the precursor complexes in the temperature range of 400e600 C, were investigated. XRD phase analysis and IR spectroscopy evidenced the intermediate formation of calcite-type barium carbonate. Rietveld refinement of the crystal structure data provided detailed information about lattice parameter and the real structure of the crystalline phase in terms of crystallite size and lattice strains. The occurrence of the metastable calcite phase is explained by the stabilization of this modification in the form of an oxycarbonate phase down to room temperature. Two alternative mechanisms of this stabilization are proposed: (i) partial substitution of CO 3 2À for O 2À in the anionic sublattice, leading to the formation of barium oxycarbonate, and (ii) templating of ccp-based ordering of Ba atoms, which occurs in the calcite-type BaCO 3 by oxygen-deficient titanate interfaces, leading to the topotaxial formation of crystalline domains of the calcite phase and resulting in the oxideecarbonate intergrowth structures. In this process, the presence of the oxygen vacancies results in a lower oxidation state of þ3 for the interfacial titanium atoms. We suggest a model for such a topotaxial process enabling that the titanate blocks are monoclinically distorted, according to the observed rhombohedral distortion of the calcite-type barium carbonate blocks.
